This article presents a board game that was developed for use as a simulation tool in teaching the basic concepts of industrial ecology (IE). The game, with the automobile industry as its theme, includes realistic numbers and displays a variety of IE principles. The objectives of the simulation, however, transcend the automobile industry and apply to other manufacturing industries. They include: pollution prevention, design for environment (in several forms, including design for disassembly), environmental management, and life-cycle assessment. The game has already been played by engineering and business professors, graduate students in environmental engineering, government representatives, and industry executives. A statistical analysis performed on pre-and postgame questionnaires indicates that the game is an effective teaching tool.
Introduction
Because of the appeal of its basic tenets and its potential for broad applicability, industrial ecology is gradually being adopted by industry as a framework for change in the face of increasing environmental pressures, both in the United States and abroad (Graedel and Allenby 1995; Vellinga et al. 1998) . It is gaining importance, and the education of corporate executives and managers in the central IE concepts, such as sustainable development, design for environment, life-cycle assessments and pollution prevention, is rapidly becoming a pressing need (Ufford 1994; Lowe et al. 1997) .
Concomitantly, universities have been called upon to "introduce the industrial ecology notion as a fundamental framework in teaching subjects of all kinds" (Ehrenfeld 1994) , and indeed universities have begun to include IE course offerings in industrial engineering and environmental engineering curricula (Shen 1995, Appendix G) . Government officials in the regulatory sector, too, are recognizing the potential benefits of IE, and some agencies have engaged in the promotion of its principles. The U.S. Environmental Protection Agency has established an Office of Pollution Prevention and Toxics, and various states have followed suit (Varney et al. 1998) . Given this situation, we can anticipate that in the years to come, the need for a diverse offering of didactic materials on IE will increase.
Among the specific approaches of IE that can most profit industry at the present time are pollution prevention, design for environment, and life-cycle assessments. Indeed, these approaches have generated methods that are relatively mature and have a proven record of success (Eagan and Streckewald 1997) . Research in identifying pollution sources has advanced significantly over the last decade or so, and numerous processes have been identified as targets for pollution prevention (El-Halwagi and Petrides 1994; Shen 1995) . General methods and practical schemes have been proposed to include environmental considerations in product design (Graedel and Allenby 1996) . And, databases have been assembled to track the flow and fate of materials through various industrial sectors (Allen and Behmanesh 1994; Ayres 1996) , which opens the way for systematic life-cycle assessments (Graedel 1998) .
A favorite formula of industry for the training of its executives and managers in emerging areas (e.g., total-quality management a few years ago) is the seminar led by experts in the field. As a complement to such a seminar or workshop, a simulation tool may enhance the learning experience by engaging participants in multi-modal learning behavior, combining listening, seeing, talking and doing. A well-designed simulation will be effective across a wide variety of learners. As Senge and Sterman (1992) have argued, "simulation is an important element of successful learning laboratories to develop systems thinking and promote organizational learning." This is so because participants who have experienced (simulated) success and failure remember more vividly the lessons learned and are therefore more apt to apply these lessons later in their professional activities. As a result, it is no surprise that simulation is becoming an increasingly popular training method in corporate organizations (Roth 1998 ).
Design of a Board Game

Board Games versus Computer Simulations
There are two broad classes of simulation tools: computer models and traditional board games. While one tends nowadays to view the computer model as the superior simulation tool because of its potential sophistication and realism, the traditional board game offers unique advantages that cumulatively make such simulations quite appropriate in certain settings. Indeed, in contrast to a computer model, the transparency of a board game spread on the table hides nothing, suggesting no mystery and inviting all players to experience how it works.
Furthermore, participants in a board game actually do touch parts, assemble or disassemble them, count chips or paper money: they learn by doing and by seeing what a computer would otherwise do for them. The interactions during the simulation are not between a single person and a computer system but among several people, allowing the communications to be less structured and more spontaneous. Sitting around a table and conversing also creates for some people much less apprehension than using a computer.
Finally, a board game is "low-tech" and therefore offers the added advantages of low cost and portability. The latter characteristic may be particularly significant if the trainer is traveling from company to company.
Choice of a Theme
A purely generic simulation, which would include the manufacturing of a nameless product involving arbitrary amounts of materials, money and energy, runs the danger of remaining theoretical. To avoid such a situation, we decided to adopt a theme for the simulation. The adoption of a theme further permits the use of an accepted vocabulary, which greatly facilitates the communication among the various players.
Because of its familiarity to most people, the automobile is an ideal example of a manufactured product. The automotive theme is particularly compelling because it involves a product that creates environmental impacts during all three of its major stages: production, use and disposal. Furthermore, all those impacts (depletion of non-renewable resources, production wastes, atmospheric pollution and solid-waste disposal, to name only the major ones) are well known and properly perceived by most educated people. Finally, because the environmental ramifications of the automobile have been heavily scrutinized over the years, abundant studies exist on the auto industry (Keolian et al. 1997 , to cite only one major recent study). From these compilations, one can readily extract useful numbers for the basis of a realistic simulation.
Design Parameters
In the present article, we describe a boardgame simulation that was developed at Dartmouth College under corporate sponsorship (Moldaver & Associates, Hanover, New Hampshire). At the sponsor's request, the board game had to be designed with a number of specifications. First, it was to be "tech-free" (no computer equipment allowed). Next, the game had to be designed for a group of four to eight persons (with more people being accommodated by having several games being played in parallel) and for a simulation lasting between four to six hours.
Finally, the game was to impart immediate feedback, in the sense that learning is to occur while the participants are engaged in the simulation and during a brief discussion period immediately following the end of the game. The learning had to include awareness of how various environmental impacts typically affect an industrial sector, understanding of the multi-faceted aspects of life cycles, recognition of difficulties in starting pollution-prevention measures, appreciation of design for environment and material recycling, and exposure to as many other IE concepts as possible.
Supporting Information
To create a realistic and scientifically based simulation on the automotive theme, a quantitative reference had to be established. For this, we collected a number of published statistics to track the flow of selected materials, energy consumption, pollution generation and money through the life cycle of the automobile. Our sources included books (e.g., Keolian et al. 1997; Graedel and Allenby 1998) , journal articles, government statistics, internet postings by auto manufacturers, and personal conversations with company executives.
American Vehicles in 1995
Because the number of vehicles sold annually and the mix of vehicles on the road vary from country to country and from year to year, we decided to select one particular market during a specific year, namely the U. Available statistics also reveal that the average number of miles driven by cars and small trucks in 1995 was, respectively, 12,500 mi/yr and 14,000 mi/yr (www.epa.gov). For the simplicity of our simulation, we decided to lump cars and small trucks together, to separate vehicles of 1-4 years from those 5 years and older (to which we refer as first and second use, respectively), and to assume that the number of miles covered annually by the average vehicle is 13,000 miles.
Material Flows
According to Keolian and colleagues (1997) , a car today consists of about 20,000 parts. Because it would be futile to consider such a large number of parts, we decided to consider instead the types of materials used in the manufacture of cars and small trucks. In 1995, the weight of the average car was 1,426 kg (3,138 lbs.), which can be broken down by material type as shown in table 2 (Ward's Automotive Yearbook 1997).
For the sake of the simulation, we reduce this breakdown to only five categories: steel and iron (964.3 kg), aluminum and other non-ferrous metals (127.2 kg), plastics (112 kg), rubber (61.8 kg), and miscellany (160.7 kg). Furthermore, we approximate the respective weights to integer multiples of a single unit in order to represent in the game a vehicle with only a small number of pieces. One unit represents 130 kg, and the average car contains seven units of steel and iron (910 kg), and one unit each of aluminum and other metals, plastics, rubber and miscellany, for a total of 1,430 kg.
Steel
In 1995, the total mass of steel used in new automobiles was 9.39 × 10 9 kg. More steel, however, was brought into the industry because of losses through the process. Based on numbers provided by Graedel and Allenby (1998) and various statistics from the steel industry, Rice (1999) has estimated that 8% was lost during material processing and 8% during manufacture. Of the amount present in vehicles, 10% was lost during use (broken parts, abandoned cars) while 90% went to dismantlers/recyclers, where 3% were landfilled and 87% recycled. Of the 87% that was recycled, 14% (1.31 × 10 9 kg) returned to the auto industry while the remaining 73% (6.85 × 10 9 kg) went to other industries. On a per-vehicle basis, we obtained the following: 811.6 kg of new and 109.3 kg of recycled steel enter material processing, of which 70.1 kg are lost and 850.8 kg go to auto manufacturing. Of that amount, 67.6 kg are lost during manufacturing (mostly in fabricating parts) and 783.2 kg find their way into a new vehicle. Of these 783.2 kg of steel, 76.7 kg are lost during use and 706.5 kg are captured by the dismantling/recycling industry. Loss at that stage is 25.9 kg, and, of the recycled portion, 109.3 kg return to the auto industry while 571.3 kg are diverted toward other industries. When similar proportions are extrapolated to iron (which is tabulated separately from steel-see table 2), the total numbers for both steel and iron become: 169.2 kg lost during production and 838.0 kg recycled after use. In terms of unit pieces for our simulation, manufacturing losses amount to 1.3 units while recycling captures 6.4 units. 
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Aluminum
Essentially the same analysis was performed for aluminum (see Rice 1999 for details). Recycling of aluminum from automobiles is not as intensive as that of steel, accounting for only 60% of the amount present in the vehicle. On a per-vehicle basis, 67.7 kg of virgin aluminum and 28.4 kg of recycled aluminum are consumed by material processing, of which 8.4 kg are lost and 87.7 kg go into making parts. Of this amount, another 2.5 kg are lost in manufacturing and 85.2 kg become part of the new vehicle. After use, 51.8 kg are captured by the dismantling/recycling industry, which returns 28.4 kg to the auto industry, provides 22.6 kg to other industries and dissipates 0.8 kg. In sum, we find that 10.9 kg of aluminum are lost during the entire production process and that 51.0 kg of aluminum (60% of the aluminum present in the vehicle) are recycled one way or another.
For the other non-ferrous metals (copper, brass, zinc, magnesium and powdered metalwith a total of 42.0 kg per vehicle), we assume that losses during production are proportional to those of aluminum but that their recycling is nil. This brings the totals per vehicle to: 16.3 kg lost during production and 51.0 kg recycled after use. In terms of unit pieces for our simulation, cumulative losses during production amount to 0.13 units while dismantling/recycling captures 0.4 units.
Plastics
Statistics were sought again for plastics (Rice 1999) . On a per-vehicle basis, we obtain the following: 117.8 kg of virgin and 2.5 kg of recycled plastic resin enter material processing, of which 3.3 kg are lost and 117.0 kg go to auto manufacturing. Of that amount, 5.0 kg are lost during manufacturing and 112.0 kg find their way into a new vehicle. Of these 112.0 kg of plastics, 7.5 kg are lost and 104.5 kg are captured by the dismantling/recycling industry. The recycled portion is a mere 2.5 kg, while the remaining 102.0 kg (91% of the amount initially present in the vehicle) are landfilled.
Although some plastics recycling does occur, it is quite minimal. The situation, however, is gradually improving, and our simulation, which begins with no plastic recycling, provides for increased rates of plastics recycling at the cost of some R&D investments. Cumulative losses during production amount to 8.3 kg per vehicle, or about 0.1 unit of our simulation.
Others
In 1995, the total mass of other materials (rubber, glass, wires, electronics, etc.) used in making automobiles in the U.S. was 1.69 × 10 9 kg. Some of this material, especially tires, is salvaged but little is actually recycled. The majority of parts made of miscellaneous materials are small and cannot currently be retrieved from an obsolete vehicle (hulk) at a profit. Their destination is the landfill. On a per-vehicle basis, we obtain the following numbers: 126.5 kg of new and 25.0 kg of recycled materials enter material processing, of which 6.7 kg are lost and 144.8 kg go to auto manufacturing. Of that amount, 4.1 kg are lost during manufacturing and 140.7 kg find their way into a new vehicle. Of these 140.7 kg of miscellaneous materials, 14.1 kg are lost and 126.6 kg are captured by the dismantling/recycling industry. The recycled portion is 25.0 kg, while the remaining 101.6 kg (72% of the amount initially present in the vehicle) are landfilled.
For our simulation, we translate the cumulative loss during production (10.8 kg) into 0.1 unit. We further assume that the single rubber piece needs to be replaced every four years during use and can be separated after use during disassembly, but that the remaining miscellany piece, which cannot be retrieved, must be landfilled. In a later stage of the simulation, incineration becomes an alternative disposal option for that material.
Energy
A comprehensive study of the energy issues surrounding the automobile (Graedel and Allenby 1998) is beyond the simulation's scope. Because the cumulative amount of energy used in manufacturing parts, assembling cars, dismantling hulks and recycling materials is a very small fraction of the amount of energy used to drive cars, we decided to limit our simulation to consider only the amount of fuel associated with the use of automobiles. For this, we esti-
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mated that the average 1995 car had a fuel consumption of 22.7 miles per gallon (10.3 liters per 100 km), and the average small truck a fuel consumption of 15.3 miles per gallon (15.4 liters per 100 km). Doing a weighted average of cars and small trucks, we obtain that the average consumption was 19.6 miles per gallon (12.0 liters per 100 km). Then, having previously estimated the average mileage to be 13,000 miles per year, we determine that the average vehicle consumed 662 gallons (2,510 liters) in 1995.
Money
The Ford Motor Co. was used as the model for the financial analysis because in size its operations are between General Motors and Daimler-Chrysler. In 1995, the average sales price of a vehicle was $19,000. The largest portion of this revenue (83% or $15,855) was spent by the manufacturer on the purchase of parts, while the balance went to production costs (9%), research and development (5%) and profit (3%). Similarly, the largest single expense for the suppliers was the purchase of materials (80% or $12,667/vehicle) while the remainder went to production costs (11%) and profit (9%). The material-processing sector is somewhat more labor intensive with only 73% ($9,228/vehicle) spent on procurement of raw materials, 20% spent on production costs and 7% retained as profit. In 1995, the average American car consumed $848 worth of fuel, and hulks were sold to the dismantling industry for an average price of $50. The combined dismantling, shredding and recycling sector sold $215 worth of recycled materials and spent $86 in landfilling costs per hulk, retaining the balance for operating costs and profit. For details, see the work of Rice (1999) .
The Energy Policy and Conservation Act passed by the U.S. Congress in 1975 established minimum corporate average fuel economy (CAFE) standards for cars and light trucks. Manufacturers incur penalties if the vehicles they sell do not meet the minimum value, and these penalties are passed onto the consumers in the form of higher vehicle prices. In our simulation, vehicles with lower fuel efficiency are priced higher than vehicles of equal weight and higher fuel efficiency.
Environmental Impacts
Solid Waste
Automobile production, use and disposal create significant amounts of solid waste, the largest one being the landfilling of hulk remains after the partial disassembly of obsolete vehicles. Other sources of solid waste are scrap and defects during production, and the periodic replacement of fluids and tires during use. Our simulation reflects the corresponding amounts, which were quoted previously per material type.
Air Pollution
By far, the greatest contribution of automobiles to air pollution is the emission of nitrogen oxides (NO x ), carbon monoxide (CO), volatile organic compounds (VOCs) and particulate matter (PM) during use. In comparison, air-pollution contributions by the manufacturing, dismantling and recycling sectors are negligible (Rice 1999) . Although there are numerous chemicals creating air pollution, their proportions vary little with vehicle type. So, for our simulation, we decided to lump all forms of air pollution into a single variable and to measure its value by means of emission chips. Each emission chip represents 122 kg of CO, 16 kg of VOCs, 8 kg of NO x and 3 kg of PM. The 1995 average domestic vehicle creates three chips annually.
In the later stages of the simulation, an incinerator can be activated. While the composition of its air emissions is not the same as that from automobile tailpipes, our simulation does not make the distinction for the sake of simplicity.
Water Pollution
Water pollution is a comparatively minor problem in the auto industry and transportation sector. Perhaps, the only significant impact occurs during the mining of virgin materials, which causes acidic drainage and sediment loading (Keolian et al. 1997) . But because our model does not go that far upstream (the most upstream component being the suppliers), we ignore all water pollution in our simulation.
Game Description
Players
In keeping with the design specifications given to us by the sponsor, namely that the game be for a group of four to eight players, we decided to define only four stations around the game board: a supplier, a manufacturer, an operator, and a dismantler/recycler. In this way, the three main stages of the life cycle (production, use and disposal) are represented around the board, with the production stage split into two stations because of its relative importance from the point of view of industrial ecology. The arrangement of the board is represented schematically in figure  1 and shown in a photograph of a game in progress (figure 2).
The supplier in our simulation is meant to represent the entire supplying chain, and its role is to acquire raw materials and turn them into automobile parts. Because vehicles are designed by the manufacturer, the supplier does not choose the types and quantities of material but only their sources (virgin or recycled). Recycled materials are priced more cheaply than virgin materials, but not all materials are available on the recycled market because availability does not exactly match demand in either quantity or quality. In manufacturing parts, the supplier creates solid waste. Initially, that amount is two pieces per vehicle but can be gradually reduced to one piece and then none if pollution prevention measures are taken.
The roles of the manufacturer are to decide on the design of the average vehicle to be sold in the next year, to order parts from the supplier, and to assemble the parts into vehicles for current sales. Design decisions concerning the next model are based on consumer demand and on concern about pollution (translated into fuel economy and vehicle weight). For the sake of simplicity, only 25 possible designs are offered for selection, 
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and the manufacturer is limited to choosing one of these models every year. The 25 possible models form a five by five matrix with five levels of fuel economy and five levels of vehicle size. Figure 3 gives the material composition of each model so that the manufacturer's design decision can be readily converted into an order for parts. R&D and retooling costs are incurred by design changes. In vehicle assembly, the manufacturer, like the supplier, creates solid waste, at the initial rate of two pieces per vehicle. This amount can be reduced to one piece and then none if pollution prevention measures are taken.
For the sake of simplicity in the simulation, all vehicles are assumed to be driven as rental cars for their first four years, then sold as used cars and driven another six years. The operator, who collectively represents rental fleets, receives an annual income that is a function of the various vehicle types in the current fleet. (A relationship between income and type of vehicle driven is plausible in the context of rental fleets.) The annual income per vehicle also fluctuates from year to year to simulate shifts in the market. At times in the simulation, the market demand shifts toward bigger vehicles while environmental pressures and rising fuel costs may favor smaller vehicles. The operator also pays for fuel and calculates its contribution to air pollution.
Around the game board, the used-car owners make a passive station where 4-year-old cars are purchased at half their original price and 10-year-old hulks are sold at a fixed price to the dismantler/recycler. This creates a delay in bringing materials back into the loop and contributes additional air pollution.
The role of the dismantler/recycler is to purchase hulks, to dismantle them to the extent that technology and economics permit, to shred the salvaged parts, and to sell the retrieved materials on the recycled market. With gradual R&D investments, the dismantler/recycler can 
S P E C I A L S E R I E S E d u c a t i o n i n I n d u s t r i a l E c o l o g y ❙
retrieve more from every hulk and process the recycled materials to a higher level of purity.
A key difference between this game and most board games is that the object of the game is not to beat the other players. Instead, the object of the game is to run the individual operations in a profitable way. To do so, each player soon realizes that collaboration, not competition, ensures success. Winning the game, therefore, does not mean bankrupting other players (as in the Monopoly TM game) but rather working with them to ensure that the entire operation remains economically viable against external pressures. The whole team either wins or loses.
Game Components
All materials are represented by colored pieces: one piece being about 130 kg of that material, blue symbolizing steel and iron, yellow plastics, black rubber, etc. The five by five matrix of 25 possible designs (figure 3) tells the supplier and manufacturer how each possible vehicle is to be made, with the initial model being the 1995 average vehicle (labeled "Taurus" on the chart). An additional set of five by five charts are available to the operator and dismantler/recycler. For example, the dismantler/recycler has a set of charts that display the degree of dismantling that can be performed on each model according to the level of investment made to date.
In the center of the board (figure 1) is depicted a landfill, where material wasted during production, used tires and dismantling leftovers are dumped. A tipping fee is exacted on a perpiece basis, and the rate is made to increase geometrically as room in the landfill decreases. This compels the supplier and manufacturer to take measures in pollution prevention and the dismantler/recycler to invest in better recycling.
Not far from the landfill on the board is depicted an incinerator where any solid waste may be burned as an alternative to landfilling. Every material piece brought to the incinerator generates one emission chip. The use of the incinerator creates a trade-off between solid waste and air pollution, and the simulation can move players to switch between the two depending on the pressures from landfilling costs and atmospheric pollution.
In the center of the board lies another common bin, which symbolizes the atmosphere and where players deposit the emission chips. To mimic the natural capacity of the atmosphere to regenerate itself, every fifth chip (20%) is removed annually. (This percentage of annual removal corresponds approximately to a ten-year time constant.) So, unlike the landfill, the atmosphere can reach a steady state, in which new annual imports equal the annual self-cleansing. When the atmosphere contains a certain number of chips, corresponding to a critical level of air pollution, two actions are taken. The operator is fined based on its total current fuel consumption, while the others suffer health expenses due to sick employees. So, it is in everyone's interest to watch the level of atmospheric pollution and to take individual steps toward its mitigation. For example, the manufacturer may opt to design more fuel-efficient vehicles, and the dismantler/ recycler to reduce its use of the incinerator by investing in better recycling.
Research and Development Activities
All players, except the operator, can engage in various research and development (R&D) activities. The supplier and manufacturer can invest in waste reduction (which temporarily cuts the waste generated in production by 50%), in pollution prevention (which temporarily eliminates waste generation entirely) and in an environmental management system (which makes the previous two investments permanent). The waste-reduction investment is cheap, simulating the win-win aspect of "low-hanging fruit," while pollution prevention comes with a significantly higher cost, simulating the tension between monetary profits and environmental benefits. The manufacturer has an additional option, investment in design for disassembly (DfD). Once DfD investment is made, vehicles can be completely disassembled at the end of their life.
The dismantler/recycler has other investment options: higher-quality recycling (so that recycled materials can be sold to the auto industry at a higher price rather than to other industries at a lower price); increased ability to recycle metals; increased ability to recycle plastics; and implementation of an environmental- 
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management system (to make the previous investments permanent).
Additional Issues Addressed in the Game
The game has a number of additional features that have been designed to enhance the environmental realism of the simulation and to create additional interactions between players. These can only be mentioned briefly here.
First, the price of fuel is made to increase over time to simulate the depletion of natural petroleum resources. To circumvent the rise of fuel costs, the operator has the option of requesting from the manufacturer vehicles that run on "biofuel" (ethanol, methanol or hydrogen derived from renewable biomass). Being renewable, biofuel has a fixed price, but biofuel vehicles are more expensive than regular vehicles. Biofuel combustion is comparatively harmless so that biofuel vehicles in the simulation do not generate any air pollution. Thus, a switch to biofuel vehicles has two advantages for the operator: protection against increasing fuel costs and reduction of atmospheric pollution. The pay-off, however, is delayed because it takes years to convert the multi-year fleet.
Second, the game offers players the possibility of retiring "clunkers." When air pollution has reached an unacceptable level, players can join in passing a law that forces the retirement of the oldest running vehicles. But, because of public opposition, the law is difficult to pass, and a cost must be borne by all who wish to enact the law. The process can be repeated to remove more vehicles from the road. This feature generates much discussion across the board.
Third, mid-life replacement of tires is another issue for consideration by the the players. Fouryear-old cars, which have been driven 52,000 miles, have worn-out tires. The operator must replace the black rubber piece, a new piece must be purchased, and the old one must be landfilled or incinerated at the operator's expense.
Fourth, when the remaining space in the landfill has reached a critical level, a law is passed that transfers the payment of tipping fees from the dismantler/recycler to the manufacturer. This is to simulate the German law by which manufacturers are made responsible for the disposal of their products and which was promulgated in reaction to the scarcity of landfill space.
Finally, the simulation includes a series of annual announcements that inject a degree of unpredictability into the game. The consequences can be either beneficial or detrimental. Samples of these announcements are: "a new process has been discovered that permits the recycling of old tires into new tires"; "flaws have been discovered in recycled tires, and rubber recycling into new tires is no longer permitted"; "a glut in the mining industry lowers the price of virgin steel below that of recycled steel"; "a labor strike among autoworkers forces the manufacturer to produce the same model two years in a row." Annual announcements are also ways to incorporate the impact of changing governmental regulations. For example, stricter hazardouswaste disposal practices can be announced as treatment costs in addition to the tipping fees of manufacturing-waste disposal, and new emission standards can be announced as added manufacturing costs in return for a reduction of emission chips during use.
Concepts Taught
As designed, the simulation exposes players to the pressures of environmental problems, including depletion of natural resources, atmospheric pollution, and finite landfill capacity. To these pressures, players must react by applying Industrial-Ecology solutions.
First, they need to track closely what happens on the board, performing in essence a life-cycle assessment (LCA) of the product. Then, they must act by reducing waste or, better, by engaging in pollution prevention (P2). The manufacturer has design options, not only to meet the market demand but also to design for the environment (DfE). Specifically, vehicles can be designed for fuel economy, for renewable fuels, and/or for disassembly. The dismantler/recycler can invest in various levels of recycling technologies, while the supplier can close the loop by purchasing recycled materials. Finally, timely investment in environmental management (EM) can improve the return in the other environmental investments. As an option, players can track the various environmental costs (such Besides teaching the principles of IE, the simulation also imparts several other useful lessons. Most environmental measures come as tradeoffs; communication with other stakeholders is crucial, and a systems view is essential; time delays exist and investment payoffs may not be realized for some years; equivalent environmental effects can occasionally be achieved by different strategies; etc.
Playing the Game and Evaluation
To date, the board game has been presented to a number of people, including students and professors, in both engineering and business. It has also been featured at a meeting of environmental professionals from both the regulatory sector and private industry. When playing the game, the participants first engaged in a reduced version of the simulation, which was stripped of a number of its environmental features. This was to create a certain familiarity with the basic mechanisms of the simulation. Then, the game was replayed in its full form. The contrast between reduced and full versions of the game also highlighted the impact of the environmental considerations on the economic aspects of manufacturing. Another benefit of playing the game twice was to allow participants to experience more than one position around the table if they wished to do so.
Most often, the teams won the game, that is, they were able to establish an economically viable organization that met the various environmental constraints and costs. However, because learning comes from experience, whether it is positive or negative, all teams learned something regardless of outcome. The only difference seems psychological: those who had a positive experience accepted the lesson as realistic, while those who had a negative experience had a tendency to challenge the realism of the simulation.
Experience shows that there is no single winning strategy. While building small cars is not truly necessary for success, it does help because they have less mass, pollute less, and create less after-use waste. Timing and having a clear strategy seem to be crucial. If players do not move reasonably aggressively to remove waste from their respective processes by early and significant investments, the accelerated costs of waste disposal become a financial hazard, and the resulting push for incineration only displaces the problem. Anecdotally, it appears that choices players make during the simulation are somewhat similar to those being made by the auto industry. For example, even though sales of highly-rated fuel-efficient cars constitute less than 1% of the new cars sold in the United States, auto makers are still subsidizing efficient cars in the hope that these cars will eventually sell better and then lead to economies of scale. Likewise in the game, successful manufacturers tend to resist producing the most highly desired vehicle in favor of compromises between consumer demand and environmental pressure.
Regarding the teaching value of the game, the response from participants was overwhelmingly positive. Even graduate students who had previously taken a course on industrial ecology commented that the simulation taught them to a better degree the necessity of a systems approach, the importance of early investments and the inevitability of time delays. To evaluate the performance of the simulation, however, we did not want to accumulate only anecdotal evidence; so, we prepared a questionnaire containing nine relatively elementary questions on industrial ecology. The questionnaire was administered before and after playing the game, and was graded each time (two for a correct answer, one for a partial answer, zero otherwise). For every individual, the difference in scores was calculated and recorded. After several game sessions, 21 pairs of questionnaires had been accumulated. The pregame mean was 11.00, the postgame mean was 13.71, with an average difference of 2.714.
The results were then subjected to two statistical tests. The first test was the t-test, to ascertain whether the difference in score is significant (Hays, 1994) . The t value ω = d/(s/√n) where d = 2.714 is the mean difference, s=2.704 its standard deviation and n = 21 the sample size)
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was found to be equal to 4.60. Because the 95% significance threshold value for t with n=21 is 2.086, which is exceeded by the outcome, it can be concluded that the mean score difference significantly exceeds zero. Or, it can be said that we can be more than 95% confident that the players' knowledge was improved as a result of participating in the simulation.
We also applied the ω 2 -test to determine the proportion of variance accounted for in the difference in the evaluation of the mean difference (Hays 1994 
Conclusions
We developed a simulation tool for the teaching of Industrial-Ecology (IE) principles. It is a computerless board game based on realistic features of the automobile industry. It illustrates how various IE methods can be applied at various stages of the product's life. In particular, the game teaches the importance of life-cycle analysis, design for environment, pollution prevention, environmental management, and recycling. After having been played by a variety of constituencies, the game performance has been evaluated quantitatively, and statistical results demonstrate its effectiveness.
Although the theme is the automobile industry, the concepts taught are generic, and the lessons can readily be applied to almost any other manufacturing sector. If desired, however, conversion of the game to another industry could be performed by little more than a simple change in the nomenclature and relevant data.
